A bstract--The change of coupling losses in aluminum-stabilized superconductors due to the Hall effect is investigated experimentally and numerically. The Hall effect is here taken to be an interaction between the inter-strand coupling current and the external dc magnetic field. The loss measurement of the' R&D conductor for the helical coil of the Large Helical Device is carried out under the coexistence of the transverse and the longitudinal magnetic fields. The measured coupling loss of the real conductor induced by the changing transverse magnetic field is increased by the existence of the longitudinal dc field. This result shows the reverse dependence of the loss on the longitudinal field to what was expected by our previous paper. These loss features are compared with those by the numerical analysis, on the two dimensional finite element method, of this real conductor with the complex cross-sectional structure.
I. INTRODLICITON
Aluminum-stabilized NbTi superconductors are used for the winding of large-scale dc magnets such as the helical coil of the Large Helical Device (LHD) [ 11. A lot of pure aluminum in the conductor causes the large inter-strand coupling losses under changing transverse magnetic fields, which are produced by the poloidal coil in the case of LHD. In addition, when the conductors are quenched, the effective conductivity of the aluminum-stabilizer decreases due to the Hall effect. Consequently the recovery current of the conductor does not have the expected value. The stability of the conductor, therefore, degrades [2] , [3] .
On the other hand, not only the changing field but also the longitudinal dc field is simultaneously applied to the conductor, as is so in case of the helical coil conductor in LHD. In such a case, there can be the Hall effect due to the coexistence of the longitudinal dc field and the inter-strand coupling current which is induced by the changing transverse field. Such a Hall effect on the coupling loss was pointed out in our previous paper [4] . However, it was estimated for not a real conductor but an idealized model conductor only [4].
The purpose of this paper is to measure this Hall effect on the inter-strand coupling losses in the real aluminum-stabilized superconductors. For this purpose we take up the R&D conductor for LHD, which is composed of a superconducting strand bundle, an aluminum stabilizer, a clad layer of it and copper housing. In this case the dependence of the coupling Manuscript received Oct. 18, 1994.
-02 Yamamoto 01, Japan losses on the longitudinal dc field is also calculated by the two dimentional finite element method (FEM).
U. LOSS MEASUREMENT

A. Sample Preparation
As the sample conductor, the aluminum-stabilized NbTi conductor named KISO-33, the R&D conductor for the helical coil of LHD, is used in this experiment. The cross section of this conductor is shown in Fig. 1 . As is given in Table 1 , the clad material around the stabilizer of KISO-33 is Cu, although the one of KISO-32, the conductor decided as the practical winding, is not Cu but Cu-2%Ni.
This sample conductor, straight and 500mm in length is provided for this experiment, in order to keep the bending strain from decreasing the conductivity of aluminum and Cu. Both ends of the sample conductor are polished to be smooth and flat to avoid any direct contact of the superconducting filaments.
B. Measuring System
Our compact system is mainly composed of a superconducting split magnet of a race-track type, a superconducting transformer and a superconducting heat switch for the persistent current mode [5] . The short sample conductors above mentioned are put in the split magnet as shown in Fig.  2 . The small ac magnetic field Hlac superposed on the dc field Hldc is generated in the split magnet in the transverse direction to the axis of the short sample. This compact system allows us to measure a wide frequency range of 0.05-337Hz and has a rather large sample space of 30mmx30mmx550mm. By 1051-8223/95$04.00 0 1995 IEEE using this system, we can get the loss-frequency characteristic curve in the cases of small ac fields with the amplitude of p,Hn,=0.8 and 1.6mT superposed on a dc bias field of p@ldc=0-0.54T. The longitudinal magnetic field H,/dc is generated by a solenoidal magnet as shown in Fig. 2 . The value of ac losses by H l a c is obtained from the measured magnetization curve by means of the pick-up coil wound around the short sample conductor. The measurement error of the system can be neglected. In such a case of the small ac magnetic field, the hysteresis loss can be generally neglected. This can be confirmed by examining whether the measured loss is proportional to ~~2 .
C. Measured Loss-Frequency Clzurclcteristic
Figures 3a and 3b show the measured frequency characteristic curves of the loss for the sample conductor of KISO-33, where the directions of the applied transverse field for the two cases are shown by the notation "b" and "a" as shown in Fig. 1 . In these figures, the vertical axis i.e., the 'normalized loss', is the loss per cycle normalized by p$Im2. Most data of the normalized loss do not depend on the field amplitude H, within the measured range of H,,, so that each datum for each frequency is presented by one mark only. This means that the observed data are mainly composed of the Joule loss in the normal metal such as the inter-strand coupling loss or the eddy current loss. These frequency characteristic curves generally have two peaks, i.e., the peak of loss at the lower frequency f i and that at the higher frequency fh [6] . The latter is obviously corresponding to the peak of the eddy current loss of the outer Cu housing of the conductor. The former seems to be that of the inter-strand coupling loss. In Fig. 3b , the lower frequency peak cannot be seen. This implies that f l is assumed to be at the lower frequency than 0.05 Hz, and that the inter-strand coupling timeconstant is expected to be a few seconds or more.
In Figs different in direction but are set so as to keep the absolute value constant. Under this condition, there must be no difference between the two cases if the only one variable of the magnetoresistance decides the loss profile in lower frequency region. However, we can clearly see some shift of the loss profile including the peak fl to the lower frequency direction. This suggests us that the data of Fig. 3a cannot simply be explained by the one variable, but should be explained by the two or three dimentional interaction of the coupling current and the applied dc fields such as the Hall effect. On the other hand, the data of Fig. 3b has not clear difference in the loss-frequency characteristics between the two cases. If we could measure the loss for the lower frequencies than 0.05Hz, we may find the similar difference to that of Fig. 3a . Figure 4 shows the longitudinal field dependence of the loss at 0.05 Hz for various values of H l d c , where the ac and dc transverse fields are applied in the "b" direction. The white marks show the measured normalized-loss, and two of them, i.e., the maximum and the minimum loss, are corresponding to the two cases shown in Fig. 3a . When p 0 H l d C = 0 . 2 T, an increase in the loss can be seen as the longitudinal dc field increases. There is no change for the case of p@ldC=0. 54 T.
conductors, we use the analytic solution of the induced voltage by Hiac [7] .
When we take into account the Hall effect between J l and the dc field Hdc ( H I P and/or Hldc) superposed on H l a C , we can describe the electro-magnetic-field by using vector as follows, where RH is the Hall coefficient, Bd' I p$fk, E l = Jl / Q, .Itot = Q Etot and Q is the conductivity, at any point of the normal metal region in the conductor. By taking the coordinate axis as shown in Fig. 1, we get To begin with, in order to obtain the distribution of the interstrand coupling current J l induced by H l a c , we solve Laplace's equation over the whole region of normal metal in our sample conductors by using the two-dimensional FEM. For the boundary condition at the surface of each strand in the where the total cross sectional area of the conductor S = C A,,
Ai is the area of the i-th finite element, oi is the conductivity of it and E&, = ELt + E& + E& , .
On the other hand, when the dc field Hdc not existing, therefore the Hall effect does not as well, the inter-strand coupling loss density Wc is 
where the sign of equality is only satisfied when B,=B,=B,=O, that is, Bdc=O.
Thus, so far as the two-dimensional numerical calculation is concerned, the Hall effect between the inter-strand current induced by the ac field and the dc field dereases the inter-strand current loss of the real conductors as it was expected in our loss calculation for the simple model conductor in our previous paper VI.
B. Result of Calculation and Comparison with Experiment
The calculated results of the longitudinal dc field dependence on the inter-strand coupling loss is KISO-33 and KISO-32 are shown in Fig. 5 . The vertical axis shows the inter-strand coupling loss per cycle normalized by that for H,?=O. The frequency of the transverse field is put as 0.05Hz for KISO-33 and 0.005Hz for KlSO-32. The white marks represent KISO-33 and the black one KISO-32. Figure 5 shows that the Hall effect always decreases the interstrand coupling loss and the loss uniformly decreases irrespective of the direction of the transvers magnetic field in both conductors as H I P increases. When the direction of the dc field is "a" the Hall effect is less than "b" . According to Fig. 5 , the Hall effect in case of KISO-33 is more than in case of KISO-32. It owes to the difficulty of the coupling current in flowing by the higher resistivity of Cu-2%Ni clad of KISO-32 than Cu clad of In Fig. 4 the results of the calculation are shown by the black marks of the longitudinal dc field dependence of the inter-strand coupling loss in comparison with the experimental results.
Contrary to the measured results, the losses decrease as HIP increases.
In order to explain this discrepancy, we should also estimate an increment in losses due to the axial component of the ac external magnetic field applying to each strand. This axial component generally produces large losses, so-called "longitudinal field loss", when it is periodically changing in space [8]. In our case, the strand is applied by 13% of the amplitude of ac field at most in the longitudinal direction only when the external field is in "b" direction. This unables us to explain the discrepancy of the results of the FEM calculations and the experiments, because the "longitudinal field loss" produced by the longitudinal field for the strands is too small to explain this discrepancy. It must be pointed out that an additional "longitudinal field loss" in the strand bundle region of the conductor as well is neglected. Because the longitudinal field can be easily penetrated into the region of the conductor composed of one layer of the strand bundle.
IV. CONCLUSION
We have measured the inter-strand coupling loss in the aluminum-stabilized superconductor under coexistence of the transverse and the longitudinal magnetic fields. The observed loss induced by the ac transverse field is increased by the existence of the longitudinal dc field. This result cannot simply be explained by the only one variable such as the magnetoresistance. The two dimensional FEM calculation in which the Hall effect is taken into account cannot also explain it. We are requested to further our study in the analysis and the calculation from new points of view.
